In recent years, nickel nanoparticles (NPs) have increased scientific interest because of their extensive prospects in catalysts, information storage, large-scale batteries and biomedicine.
INTRODUCTION
Due to the different characteristics of metals at the nanometric scale, it is important to study the influence of size and shape on physical, chemical and biological properties [1] [2] [3] [4] [5] .
Nowadays, Ni NPs have important scientific interest because of their prospects in magnetic behavior [6] [7] [8] , catalysis [9, 10] , enhanced optical properties [11] and biomedicine [12] . Thus, it becomes important to find new ways to produce and characterize Ni NPs. A very interesting way to fabricate colloidal NPs is laser ablation synthesis. Different authors use several pulsed laser regimes and different media to generate Ni NPs. For example, Dudoitis et al. [13] synthetized Ni NPs in argon and air using a Nd:YAG laser working in two different pulsed regimes, 15 ns and 10 ps. Amoruso et al. [14] used 300 fs laser pulses focused on a Ni target in vacuum.
For the case of generation of Ni NPs via laser ablation in liquids, Jaleh et al. [15] reported the ablation of a pure Ni plate immersed in methanol with PVP as stabilizer agent using a high repetition Nd:YAG laser of 240 ns pulse width. Musaev et al. [16] synthetized Ni colloidal suspensions in water by nanosecond laser ablation employing a nitrogen laser of 50 ns pulsewidth.
In this work, we study the characteristics of structure (bare core or core-shell) and size distribution of Ni colloids produced by femtosecond laser ablation in n-heptane and water. We used optical extinction spectroscopy to analyze the characteristics of the generated colloidal suspensions. This technique has a very high statistics since it probes around 10 10 particles yielding reliable qualitative and quantitative information of the sample. The theoretical analysis of the extinction spectra were made by Mie theory [17] employing the size-dependent dielectric function, which is calculated from the experimental complex bulk plus size correctives terms. We use this model to explore the extinction spectrum dependence with size, and in the case of core-shell NPs, we investigate this dependence with inner and outer radius.
We report the presence of NiO-Ni core-shell and hollow Ni NPs in the colloids synthesized by ultrafast laser ablation. AFM and TEM techniques are performed independently on the colloidal samples yielding size and structural results that agree with those obtained by OES.
EXPERIMENTAL
A Ti:Sapphire (Ti:Sa) laser (chirped pulsed amplification, CPA) system that emits pulses of 120 fs is used to ablate a thick nickel solid disk of 1 mm immersed in milli-Q water or n-heptane to obtain appropriate colloidal suspensions. The pulse energy used in this experiment was 100 J per pulse. The sample was moved using a XY motorized micrometric stage, to assure that the laser impinged always in different points of the sample during 9 min.
AFM images were registered in air, at room temperature, using standard semicontact-mode of an NT-MDT Solver Pro microscope. APPNANO ACTA and ACLA probes at resonant frequencies of 273 kHz and 166 kHz were used for samples in n-heptane and in water respectively. Rectangular shaped semicontact-mode cantilevers with tip curvature radius of 6 nm were used for topographical measurements. A drop of a diluted sample was placed on a freshly cleaved muscovite mica sheet V-1 grade (SPI Supplies) and dried for 12 h at room temperature. AFM analysis of mica sheets yielded an average roughness of 0.0612 nm.
TEM images were performed with a TEM-MSC (JEOL 2100, acceleration voltage 200 KV) at Brazilian Nanotechnology National Laboratory (LNNano). The as-prepared Ni colloid was diluted in n-heptane or mili-Q water and sonicated during 15 min.
OES was conducted by means of a Shimadzu spectrophotometer from 250 nm to 1000 nm. It was performed on colloidal suspensions immediately after fabrication, preventing possible NPs coalescence.
EXTINCTION SPECTRA CALCULATION
Although Ni is a ferromagnetic metal, for single domain NPs, the complex susceptibility is inversely proportional to the external field frequency. For the visible range (10 14 -10 15 Hz), the value of is very close to zero and therefore, the relative permeability is unity ( = 1), allowing the NP extinction to be correctly described by Mie theory [17] for nonmagnetic NPs.
For the general case of coated spherical particles with core radius R and outer radius R', the extinction cross section can be expressed as:
where and are the scattering coefficients which depend on the first, second and third order spherical Bessel functions. The argument of these functions depends on the core and shell size parameters and their dielectric functions. The extinction efficiency is defined as . The experimental bulk complex dielectric function ( ) of metals can be written as an additive contribution of free and bound electrons. When the size of metal NPs is smaller than the electron mean free path, the expression may be rewritten adding size corrective terms for free and bound electrons: (2) where
and
Here, is the bulk plasma frequency and is the damping constant of the electron oscillatory movement due to electron-electron, electron-ion and electron-phonon collisions. In equation (3) is the Fermi velocity, is a constant that depends on the material and on the electron scattering processes at the particle boundary. Figure 1 shows the real and imaginary parts of Ni size-dependent dielectric function versus wavelength for different radii considering the bulk dielectric function data given by Rakić et al. [18] . Theoretical calculations were performed based on equations (2) to (4) 13 . The last two parameters were determined using the method described by Mendoza et al [22] . Figure 1 . Calculated values of (a) real and (b) imaginary parts of Ni size-dependent dielectric function vs wavelength for different radii using equations (2) to (4).
The experimental bulk dielectric function is represented by the curve in dotted line. The curve for 2 nm radius (full line) is almost superimposed to that for bulk, indicating that for radii larger than 2 nm ( 2 nm), size corrections are negligible. However, for sizes smaller than 2 nm ( 2 nm), curves depart from the bulk dielectric function in the considered wavelength range between 200 nm and 1000 nm.
Since the primary result of fs laser ablation in liquids is the production of a colloidal suspension, a spectrophotometric analysis may be readily performed on the vial. To fit this result, it is necessary to have knowledge of the extinction spectrum for different kinds of spherical NPs. Figure 2 (a) shows the extinction efficiency of bare Ni NPs in water for radii between 2 nm and 20 nm, plotted as a function of wavelength using equation (1) . For 7 nm radius a plasmon resonance can be observed as a small shoulder on the extinction curve. When the radius increases, this resonance is progressively redshifted up to 550 nm. For bare Ni NPs in n-heptane a similar redshift in plasmon resonance is observed.
[nm] For core-shell type NPs, extinction efficiency depends on the inner radius and the outer radius . This dependence in outer radius is shown in Figure 2 (b) for core-shell air-Ni NPs in water for a fixed core radius = 8 nm. The plasmon resonance that appears around 400 nm for 100 % shell thickness redshifts as the Ni shell thickness decreases.
Oxidation-reduction processes may occur during laser ablation of certain metals in water. This is the case of Ni [23, 24] . Under these circumstances, it is appropriate to consider the possibility of generating core-shell NPs of the type Ni-NiO and NiO-Ni. Extinction spectra of core-shell Ni-NiO and NiO-Ni NPs in water for a core radius = 8 nm for different percentages of shell thicknesses are shown in Figure 3 Figure 4 (a) and (b) show experimental extinction spectra in the UV-visible-near IR range for Ni colloidal suspensions fabricated by fs laser ablation in n-heptane and water, respectively. Full line represents the experimental spectrum while dotted line corresponds to the theoretical fit according to the size distribution shown in each inset, which are determined using equations (1)-(4). In panel (a), particle sizing is represented by log-normal size distributions of bare core Ni NPs with modal radii at 2.5 nm and 10 nm together with hollow Ni NPs at external modal radii of 6.6 nm, 12 nm and 15.6 nm. For the case of water, panel (b), some degree of oxidation is surely to occur as we mentioned above. Structures and configurations like bare core NiO besides core-shell structures of Ni-NiO, NiO-Ni as well as hollow Ni were considered to be present in the colloidal suspension. The inset shows the total size distribution (full line) that yields the optimum fit of the experimental spectrum. The multimodal size distribution shape is similar to that determined for n-heptane but shifted to larger values of external radii. This fact may be due to the presence of oxide shells around the NPs. In both cases, hollow-type NPs must be considered for the accurate fit of the experimental extinction spectrum. Calculated extinction without considering this contribution misses to fit the experimental spectrum from 380 nm onward.
EXPERIMENTAL RESULTS
It is interesting to note that from the theoretical fit of the extinction spectra it is possible to determine the different species in the colloidal suspensions generated in n-heptane and water. For the first case, two species of NPs are present: Ni and hollow Ni, while for water four species are present: NiO, Ni-NiO, NiO-Ni and hollow Ni.
Shape and size of the Ni NPs synthesized were also characterized using AFM images. For n-heptane, panel (a) of Figure 5 As in the case of n-heptane, there is a good agreement between the external radii distribution obtained by OES and height profiles provided by AFM.
On the other hand, the morphology of the obtained Ni NPs, was studied using TEM analysis. 
CONCLUSIONS
We generated Ni colloidal suspensions in n-heptane and water implemented by fs pulsed laser ablation on solid target. The NPs were analyzed using spectroscopic and microscopy (AFM and TEM) techniques to characterize their structure and size. The observation by microscopy shows that NPs were spherical in shape with structures: bare core and core-shell.
By the fit of the experimental extinction spectra for both solvents using Mie theory with appropriate size correction of the bulk complex dielectric function allowed the determination of the size distributions of bare core and core-shell NPs in the suspension. For n-heptane, the distribution consists of two different structures: bare core and hollow Ni NPs. For water the presence of oxygen in water favors the formation of oxide species, yielding the existence of core-shell structures Ni-NiO and NiO-Ni, in addition to the hollow structure found above.
The results of the presence of spherical bare core, metal-metal oxide core-shell structures and hollow Ni NPs within the suspension is confirmed by the TEM analysis TEM and AFM offer a very local analysis of the sample, while OES has a greater statistics than the first two. For this reason OES yields reliable results about size distribution and structures.
